It is universally believed that the removal of external sodium ions is without effect on calcium current. We now report that in enzymatically isolated guinea pig ventricular cells, the replacement of external sodium ions with certain other cations causes a 3-to 6-fold increase in peak L-type calcium current. The increase in current is reversibly blocked by L-type calcium-channel antagonists, not mediated by changes in internal calcium, and is inhibited by intracellular 5'-adenylyl imidodiphosphate, a nonhydrolyzable ATP analogue. The effects of sodium removal (and isoproterenol) were almost completely blocked by intracellular application of a specific (peptide) inhibitor of cAMP-dependent protein kinase. These experiments demonstrate a previously unknown effect of sodium ions to modulate calcium-channel phosphorylation via cAMP-dependent protein kinase.
The ventricles were then removed, minced, and gently triturated with a large-bore Pasteur pipette in the enzyme solution for an additional 6 min. The solution was filtered through a 200-gm nylon mesh and was centrifuged at low speed (g = 19.70) for 3 min. The pellet was suspended in PSS containing 200 ,uM Ca2+. After two additional 3-min washes in the same buffer, the cells were stored at room temperature (21-23°C) in PSS containing 1 .0 mM Ca2+ and used within 6-8 hr of isolation. This procedure produced an average yield of 20-30%o of Ca2+-tolerant ventricular myocytes. Only cells that appeared rod-shaped, relaxed, and with visible striations were chosen for experiments.
Control and Test Solutions. The PSS used for cell isolation was composed of 135 mM NaCl, 10 mM dextrose, 10 mM Hepes (Na' salt), 4 mM KCI, 0.33 mM NaH2PO4, and 1 mM MgCl2 (pH adjusted to 7.3 with NaOH). CaCl2 was added at concentrations appropriate to the stages of cell isolation (see above). The Na'-containing solution used for control recordings was PSS modified by replacement of 4 mM KCI with 10 mM CsC12 and by the addition of 1 mM CaC12. The Na'-free solution was composed of 140 mM tetraethylammonium chloride (Et4NCI) obtained by mixing equimolar amounts of tetraethylammonium hydroxide (Et4NOH) and HCl (both from Sigma), 10 mM dextrose, 10 mM Hepes (Et4N+), 10 mM CsC12, 1 mM MgCl2, and 1 mM CaC12 (pH adjusted to 7.3 with Et4NOH). The control pipette solution was Na+-free and was composed of 120 mM CsCI2, 10 mM EGTA, 1 mM MgCl2, and 4 mM Mg2ATP (pH adjusted with CsOH to 7.2). Divalent cations (CaC12 and BaCl2) were added to the Et4N' solution without osmotic compensation. Tetrodotoxin (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) AM) was also present in selected experiments. In phosphorylation inhibition experiments (see Fig. if ), 5'-adenylyl imidodiphosphate (AMP-P[NH]P; Sigma) was dissolved in deionized water and replaced 5 mM Mg2ATP in the control pipette solution. The protein kinase inhibitor (PKI; 10 ,uM; synthetic rabbit sequence; Sigma) was included in the pipette solution and allowed to diffuse through the cell for at least 25 min after breaking into the cell and before beginning the experiment. Stock solutions were made of 1 mM nitrendipine in ethanol (made daily and stored in the dark) and 1 mM isoproterenol in Na+-free PSS.
The volume capacity of the cell bath was 3 ml. At a flow rate of 3-4 ml/min, the exchange of the bath solution was complete within 60 s as evidenced by the rapid disappearance of the inward Na+ current. In experiments with ion substitutions or drug applications, both control and test solutions were infused at equal flow rates (3-4 ml/min).
Whole-Cell Voltage Clamp. Whole-cell currents were recorded by the method of Hamill et al. (7) . Cells 
4417
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
plished with a custom modified software package (BASIC-FASTLAB, Indec Systems, Sunnyvale, CA) running on an IBM-AT computer. Current was digitized at 2 kHz with 12-bit resolution (IDA laboratory interface; Indec Systems) and stored on a hard disc for off-line analysis.
L-type Ca2+ current was isolated by using a voltage protocol and ionic conditions that minimized the possibilities of either increased inward currents or decreased outward currents from other membrane channels or ion transporters. From a holding potential of -90 mV, peak L-type Ca2' current was evoked after 2 s at a prepulse potential of -50 mV with a 200-ms depolarization to 10 mV every 10 s. Inward Na' current was eliminated by a prepulse positive to the potential at which Na+ channels are inactivated and by equimolar substitution of Na' with several different cations. In selected experiments, 0.03 mM tetrodotoxin was added to the external solution to block Na' channels. T-type Ca2W channels were also inactivated by the prepulse. K+ channels were blocked by internal and external Cs'. Inward current through Ca2+-activated K+ channels and nonspecific Ca2+-activated channels was largely eliminated by buffering intracellular Ca2+ concentration ((Ca2+]j) with 10 mM EGTA. Na+/Ca2' exchange was eliminated by the absence of external and internal Na'.
Cell capacitance was determined by integrating the current elicited by small hyperpolarizing voltage pulses. The average cell capacitance was 159 ± 51 pF (n = 12). The parallel combination of cell and seal resistance was 2.4-10.2 MfQ. Typically, 80-90o compensation of series resistance could be achieved.
Since the time constant of the capacitive transient was far shorter (average, <0.5 ms) than the time-to-peak L-type current, capacity compensation was rarely necessary and was not routinely done.
RESULTS
Peak L-Type Ca2' Currents in the Presence and Absence of External Na+. In control experiments (Fig. la) in solutions containing physiological concentrations of extracellular Na+ (140 mM), current carried through L-type Ca2' channels declined gradually over the course of 60 min (8) . In contrast, after 15-30 min with equimolar replacement of external Na+ by either organic or inorganic cations including Et4N' (n = 24; Fig. 1 c and e) , N-methyl-D-glucamine (NMG, n = 7; not shown), and Cs' (n = 11; Fig. lb ), peak inward current was increased 3-6 times above the control peak L-type Ca2+ current in Na+-containing solutions. The current always increased gradually, but the time at which the current began to increase after the removal of Na+ was variable. For example, the increase began after a delay of about 15 min in the experiment of Fig. lb, but it began after much less delay in the experiments of Fig. 1 c and e. The effect of Na+ withdrawal on peak L-type Ca2' current was highly reproducible (with Et4N' substitution, n = 24; mean increase in peak L-type Ca2" current ± SD = 361 + 90%6 of control, P < 0.0001) and reversible with reexposure to Na+-containing solutions ( Fig. 1 b and c) .
Involvement of Ca2+ Channels and Independence from Free Ca2". The increase in peak inward current was rapidly and reversibly blocked by 0.1 mM Cd2+ ( When Na' is present internally and absent externally, undetectable increases in [Ca2W], (9) (12) (13) (14) . However, all of the hypotheses based on a role of Ca2' in the effect of Na' removal are effectively eliminated by the observation of the typical increase in current through the L-type Ca2+ channel following Na+ replacement with Et4N+ even when Ba2+ replaced Ca2+ as the charge carrier (Fig. ic) Fig. ld) which, as noted above, differs from Cs+, Et4N+, and NMG in its ability to substitute for Na+ in a number of cellular processes, including permeation of the Na+ channel (15), Na+/Ca2+ exchange (1), and Na+/H+ exchange (16) .
Involvement of Adenylate Cyclase. One possible hypothesis for the increase in L-type Ca2+ current caused by Na+ removal would be that known intracellular regulatory processes are involved such as the control of Ca2+ channels by adenylate cyclase via cAMP (3, 4, 17, 18 ). This hypothesis was tested in three ways as described below.
First, this hypothesis predicts that the effects of B-adrenergic stimulation should be occluded, at least partially, by the removal of Na+. As shown in Fig. le, 13 -adrenergic stimulation by maximal concentrations of isoproterenol (1 AM) (19, 20) increased L-type Ca2' current up to 6 times above control in the presence of external Na+. Within the first 5-10 min after the removal of external Na+, the sensitivity of peak L-type Ca2+ current to isoproterenol was not significantly changed (not shown). However, the extent to which peak L-type Ca2`current could be augmented by exposure to isoproterenol declined after prolonged exposure to Na+-free external solutions. When isoproterenol (Fig. le, current 4) was added at the time of nearly maximal L-type Ca2+ current caused by Na+ removal (after at least 10-15 min in Na+-free external solutions; Fig. le, current 3) , peak L-type Ca2+ current was increased by only 15%. In nine control experiments (not shown), the addition of 200 nM isoproterenol to the external solution increased peak L-type current to 339 ± 97% of control, (P < 0.02). This is consistent with the hypothesis that the effect of Na+ removal might involve some of the same intracellular processes that are involved in the enhancement of L-type Ca2' current via P-adrenergic stimulation (3, 4) .
A second prediction of the hypothesis is that block of phosphorylation should also occlude the effect of the removal of Na'. In support of this, we found that intracellular perfusion with a nonhydrolyzable ATP analogue, AMP- 1 and 2 ). Ca2+ channels were reversibly blocked by 0.1 mM Cd2+ (currents 2 and 3). After reexposure to Na+ solutions, peak L-type Ca2+ current rapidly decreased to 75% ofthe control L-type Ca2+ current (currents 1 and 4). (c) The increase in peak L-current is not Ca2+ dependent. With 0.75 mM Ba2+ as the charge carrier, peak L-type Ca2+ current increased 3-fold when external Na+ was replaced with equimolar amounts of Et4N+ (TEA) (currents 2 and 3). (d) When external Na+ was replaced by equimolar amounts of Li+, peak L-type Ca2+ current was unaffected (currents 1 and 2). (e) Effects of isoproterenol. In Na+ solutions, peak L-type Ca2+ current increased 5-to 6-fold (currents 1 and 2) after a brief (1 min) exposure to 1 ,uM isoproterenol. After equimolar replacement of external Na+ with Et4N+, reexposure to 1 ,uM isoproterenol near the maximum increase in the peak L-type Ca2+ current caused a small 10-15% further increase in peak L-type Ca2+ current (currents 3 and 4). (f) Low external Na+ effect is mediated by hydrolysis of ATP. Internal perfusion with AMP-P[NH]P (nonhydrolyzable ATP analogue whose y-phosphate is not available for protein kinases) blocked the increase in peak L-type Ca2+ current seen both with isoproterenol in Na+ solutions and with replacement of Na+ by Et4N+ in Na+-free solutions.
(g) Inhibition of cAMP-P[NH]P-dependent protein kinase A by the specific PKI attenuates the increase in peak L-type Ca2+ current elicited by isoproterenol and the removal of external Na+. Experiments were preceded by at least 25 min of internal perfusion with 10 ALM PKI.
P[NH]P (21)
, suppressed the increase in L-type Ca2+ current elicited by both f-adrenergic agonists (4, 22) and the removal of external Na+ (n = 6; Fig. if) . Therefore, the mechanism by which removal of external Na+ increases L-type Ca2+ current may share ATP-dependent steps with the ,B-adrenergic enhancement of Ca2+-channel activity.
A third prediction of the hypothesis is that inhibition of protein kinase A should occlude the effects of Na+ removal. Inhibition of cAMP-dependent protein kinase by the specific PKI peptide (23) attenuated the increases in L-type Ca2+ current elicited by both the p-adrenergic response to isoproterenol and the removal of external Na+ (n = 5; Fig. lg) . In five experiments with PKI in the pipette solution, the addition of 200 nM isoproterenol to the external solution increased peak L-type Ca2+ current to 146 + 28% (mean SD) of control, and removal of external Na+ increased peak L-type Ca2+ current to 105 + 14% of control (Fig. lg.) .
However, the increases were much greater in the absence of 10 lOM PKI; in nine control experiments without PKI in the pipette solution (not shown), the addition of 200 nM isoproterenol to the external solution increased peak L-type current to 339 ± 97% of control (P < 0.02), and removal of external It seems unlikely that this effect would have been discovered in studies of single Ca2`channels in cell-attached patches. Cells are usually studied in Na+-free, isotonic KCI in order to "zero" the membrane potential (26, 27) . It seems likely that the effect of Na+ removal would be missed in this case, since the Na+ may be removed well before establishing a "gigaseal." This would be particularly true when cells are stored in such a medium, as in the recent study of Yue and Marban (28) . Furthermore, to increase the magnitude of single-channel current and to prolong the openings, studies are usually done with high concentrations (>20 mM) of Ba2+ as the charge carrier and in the presence of Bay K 8644 [methyl 1,4-dihydro-2,6-dimethyl-3-nitro-4-(2-trifluromethyl phenyl)-pyridine 5-carboxylate].
In whole-cell recordings of Ca2+ current, the lack of reports of this effect is more puzzling, although in some cases there are clear explanations. For example, Bean (29) would have missed effects of Na+ removal on the whole-cell currents in canine atrial cells because Na+ was removed at the same time that Ca2+ was replaced by high concentrations (110 mM) of Ba2'. Thus, an increase in current would occur simply because of the high concentration of external charge carrier, and possible effects of Na+ removal alone would be obscured. In Bean's experiments with nearly physiological concentrations of Ca2+ as the charge carrier (29) , the duration of exposure to Na'-free external solutions prior to recording Ca2+ currents is not mentioned. If the experimental records are obtained early (within the initial 5-10 min) after the change to Na'-free external solutions, the enhancement of L-type Ca2' current by Na' removal could be missed because the increase in Ca2+ current can occur after a delay of 10-20 min (Fig. lb) . Furthermore, Bean (29) reported that in Na'-free solutions, 4 1uM isoproterenol increased L-type Ca2' current to 200%oof control. However, this is a relatively small increase compared with that observed in the presence of external Na' (4) . In frog ventricular cells, Bean et al. (30) reported that in Na'-free solutions, isoproterenol increased L-type Ca2" current between 6-and 15-fold above control. In the figure shown in ref. 30 (38) have demonstrated that Na+ influences the physiologic processes elicited by a-adrenergic inhibition of adenylate cyclase. When platelets were suspended in Na'-free solutions, the ability of epinephrine to promote aggregation and secretion via a2-adrenergic receptors was eliminated. More recent studies have also implicated the importance of Na+ in modulating inhibition and stimulation of adenylate cyclase in a variety of cell types (39, 40) .
While the molecular mechanisms by which sodium modulates adenylate cyclase activity are unknown, these studies suggest that Na+ may have at least two sites of action (39) . In systems that exhibit cation stimulation of adenylate cyclase, Na+ appears to act directly on the catalytic subunit of the enzyme. In systems that exhibit cation inhibition of adenylate cyclase, Na+ appears to exert its effect indirectly via pertussis toxin-sensitive guanine nucleotide-binding proteins (36, 39) .
To the extent that our observations of the effect of Na+ on Ca2+ current are similar to the biochemical studies on cation inhibition of adenylate cyclase, it is possible to propose the following model for how external Na+ could modulate cAMP-dependent Ca2+ channel phosphorylation in our experiments. It is necessary to assume that when Na+ is present externally, cells contain Na+ despite the fact that the solution in the pipette does not contain Na+. This assumption is supported by the observation of Bielen et al. (41) that whole-cell recording in cardiac cells does not always permit effective control of internal Na+. We also assume that the basal rate of cAMP production probably reflects a balance between stimulatory and inhibitory influences on adenylate cyclase. In the absence of Na+ in the pipette solution, however, removal of external Na+ will lower intracellular Na+. With the fall of intracellular Na+, inhibition of adenylate cyclase by an inhibitory GTP-binding protein would gradually decrease, resulting in increased cAMP production and increased Ca2+-channel phosphorylation. However, the model must accommodate the fact that intracellular Na+ falls much more rapidly than the Ca2+ current increases. Chapman et al. (42) have shown that intracellular Na+ falls with a half-time of less than 30 sec in the presence of Na+-free external solutions. This implies that the process inhibited by Na+ is occurring at a very slow rate.
